A unique open-ocean upwelling exists in the tropical South Indian Ocean (SIO), a result of the negative wind curl between the southeasterly trades and equatorial westerlies, raising the thermocline in the west. Analysis of in-situ measurements and a model-assimilated dataset reveals a strong influence of subsurface thermocline variability on sea surface temperature (SST) in this upwelling zone. El Nino/Southern Oscillation (ENSO) is found to be the dominant forcing for the SIO thermocline variability, with SST variability off Sumatra also making a significant contribution. When either an El Nino or Sumatra cooling event takes place, anomalous easterlies appear in the equatorial Indian Ocean, forcing a westward-propagating downwelling Rossby wave in the SIO. In phase with this dynamic Rossby wave, there is a pronounced co-propagation of SST.
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Introduction
El Nino and the Southern Oscillation (ENSO) in the equatorial Pacific exerts a strong influence on the global climate (Wallace et al. 1998; Trenberth et al. 1998; Slingo and Annamalai 2000) . During El Nino, the center of atmospheric deep convection shifts from Indonesia to the central equatorial Pacific, reducing the convection in the equatorial Indian and western Pacific. This shift in convection drives anomalous westerly winds, providing positive feedback onto the anomalously high sea surface temperatures (SSTs) in the eastern Pacific (Bjerknes 1969) . In the Indian Ocean, the response includes anomalous easterly winds near the equator that are followed by a basin-wide warming (Nigam and Shen 1993; Klein et al. 1999; Lau and Nath 2000) .
The Indian Ocean is the only tropical ocean where the annual-mean winds on the equator are westerly. As a result of weak winds, the equatorial thermocline is flat and deep ( Fig. 1) . Such an annual-mean climatology-deep thermocline and absence of equatorial upwelling-limits the effect of thermocline depth variability on SST, a key element to the Bjerknes feedback, leading to a view that the Indian Ocean cannot develop its own interannual variability and thus has to follow Pacific ENSO rather passively (e.g. Latif and Barnett 1995) . Occasionally, however, the Indian Ocean develops an equatorial cold tongue for a period of a few months (Saji et al. 1999; Webster et al. 1999; Yu and Rienecker 1999; Murtugudde et al. 2000; Ueda and Matsumoto 2000) , with atmospheric convection, wind, thermocline depth and SST co-varying in a manner consistent with the positive-feedback loop Bjerknes (1969) suggested for the Pacific. This unstable development of cold SSTs in the eastern equatorial Indian Ocean seems to result from anomalous seasonal upwelling off Sumatra, Indonesia. Such Sumatra cooling events do not always occur in concert with the Pacific El Nino events (Reverdin et al. 1986; Meyers 1996; Saji et al. 1999; Webster et al. 1999) , thereby providing a mechanism for the Indian Ocean-atmosphere to develop its own variability independent of ENSO.
There is observational evidence that SST variability in some parts of the Indian Ocean cannot be modeled by a passive, vertically one-dimensional slab mixed layer. In an analysis of observational data for 1952-92, Klein et al. (1999) report that surface heat flux anomalies explain the ENSO-induced basin-wide warming over most of the tropical Indian Ocean, but identify the western tropical South Indian Ocean (SIO) as an exception, suggesting that some yet unidentified mechanisms are at work there. Lau and Nath (2000) force an atmospheric general circulation model (AGCM) with the observed time evolution of SST in the tropical Pacific, while allowing SST elsewhere to interact with the atmosphere according to a slab mixed layer model. ENSO-based composite SST anomalies in this partially coupled model resemble observations in the North Indian Ocean, but are weak and sometimes have opposite signs to observations in the equatorial and tropical South Indian Ocean (see also Alexander et al. 2001 for a simulation with a larger ensemble size). Thus, Lau and Nath's (2000) model results are consistent with those of Klein et al (1999) , and together these studies suggest that mechanisms other than ENSO-induced changes in surface heat flux influence interannual SST variability in the tropical SIO. Consistent with these atmospheric studies, ocean model results (Murtugudde and Busalacchi 1999; Murtugudde et al. 2000; Behera et al. 2000; Huang and Kinter 2001) and empirical analysis of satellite sea surface height (SSH) measurements (Chambers et al. 1999) suggest that ocean dynamic processes contribute to SST variability in the western SIO.
In the present study, we investigate the mechanisms for SIO climate variability using model-assimilated datasets and in-situ/satellite measurements. While previous studies of SIO variability tend to focus either on atmospheric or oceanic aspects of the problem, here we attempt to construct a physically consistent scenario that links various phenomena from a coupled ocean-atmosphere interaction perspective. Of particular interest to us is how subsurface-ocean wave processes can affect SST, since they carry the memory of wind forcing in the past and provide potential predictability. Toward this end, we analyze a three-dimensional ocean dataset derived from model-data assimilation (Carton et al. 2000) . Key questions to be investigated are how the ocean mean-state sets the stage for subsurface processes to affect SST; what is the atmospheric forcing for subsurface anomalies; and whether such anomalies exert any significant effect on the atmosphere. Related to the second question, we will assess the relative importance of the forcing by ENSO and Sumatra variability in light of the recent advances in the Indian Ocean climate research.
Our major conclusion is that much of SST variability in the western tropical SIO (up to 50% of the total variance in certain seasons) is not locally forced but is instead due 3 to oceanic Rossby waves that propagate from the east. We will show that ENSO is the major forcing for these Rossby waves and that they interact with the atmosphere after reaching the western ocean. Such a subsurface effect on SST in the western tropical SIO is made possible by the simultaneous presence of upwelling and a shallow thermocline.
The paper is organized as follows. Section 2 introduces the datasets. Section 3 describes the mean state of the Indian Ocean climate, identifies regions where the subsurface ocean has a significant influence on SST, and relates the subsurface variability to ocean Rossby waves. Sections 4 and 5 examine the forcing for these Rossby waves and how they interact with the atmosphere, respectively. Section 6 discusses interannual variability in other parts of the SIO. Section 7 is a summary and discusses the implications of this study.
Data
Hydrographic measurements in the open oceans are generally sparsely and unevenly distributed in space and time. In the late 1980s and since 1992, satellite altimetry measurements have greatly enhanced our ability to infer thermocline variability on meso-to interannual timescales. Carton et al. (2000) use an ocean general circulation model to interpolate unevenly distributed ocean measurements into three-dimensional global fields of temperature, salinity and current velocity. This Simple Ocean Data Assimilation (SODA) product will be the primary dataset for the following analysis. It is surface. While such model-assimilated products will improve with time as more data become available and assimilation technique advances, we feel that SODA is a reasonable representation of the history of the tropical oceans, where wave dynamics is a major mechanism for subsurface variability and even forward models give decent simulations when forced by observed winds (e.g. Murtugudde et al. 2000; Behera et al. 2000 ). We will analyze SODA for 1970 to 1999, a period when the use of expendable bathythermograph (XBT) and conductivity-temperature-depth (CTD) sensors became widespread worldwide, resulting in a great increase in the number of measurements 4 below 200 m (Carton et al. 2000 ). An analysis using a longer record for 1950-99 gives qualitatively the same results.
We use a repeated XBT line (the WOCE (Pigot and Meyers 1999) . In an analysis to be presented in Section 3, SODA compares very well with the in-situ XBT measurements and is capable of producing a smooth transition across the XBT line, an indication that the assimilation is not over-fitted to observations. SODA further compares quite well with the Topex/Poseidon (T/P) sea surface height measurements available since 1993 (not shown). We also compared the SODA SST with the satellite/in-situ blended dataset (Reynolds and Smith 1994) that are available since 1982, and the two datasets give similar results over the overlapping period (not shown).
To study the interaction with the atmosphere, we use wind stress based on the Comprehensive Ocean-Atmosphere Dataset (COADS; da Silva et al. 1994 Silva et al. ) for 1950 and the National Centers for Environmental Prediction (NCEP) reanalysis (Kalnay et al. 1996) after 1993, the same data that are used as the surface forcing for SODA. To better resolve coastal winds, we use the 8-year In our analysis, the monthly mean climatology is first calculated for the study period. Then, interannual anomalies are computed as the difference from this climatology. Unless stated otherwise, we use SODA SST and thermocline depth and the merged COADS-NCEP wind stress in the following analysis.
Thermocline feedback in the western tropical SIO
In the tropical oceans, wind-induced upwelling combined with a shallow thermocline often causes a local minimum in climatological SST. In the presence of upwelling, a change in the thermocline depth h ∆ can lead to a SST anomaly that may not correlate with local atmospheric forcing. This "thermocline feedback" on SST is at the heart of ENSO, where it manifests itself as a SST variance maximum that extends from the coast of South America far into the west along the equator. We emphasize that upwelling alone may not be sufficient for this thermocline feedback to operate. For example, near the International Date Line easterly winds maintain equatorial upwelling but this thermocline feedback is only of secondary importance (Schiller et al. 2000) because the thermocline is deep there (~160 m). Thus, both upwelling and a shallow thermocline are necessary conditions for this thermocline feedback (e.g. Neelin et al. 1998; Xie et al. 1989) . In this section, we first demonstrate that thermocline feedback is Pacific. Unlike other major upwelling zones, the western SIO upwelling does not lead to a local SST minimum in the annual mean SST, presumably because it is relatively weak and its effect is masked by an equatorward SST gradient. It does, however, reveal itself as a meridional maximum in chlorophyll concentration measured by the SeaWiFS satellite ( Fig. 3 ; see also Murtugudde et al. 1999 ).
To measure the thermocline feedback more exactly, we compute the correlation between interannual variability in Z20 and SST, r(z, SST). We note that this correlation probably underestimates the real subsurface effects, as it measures only the local effect of subsurface variability through upwelling/entrainment and may not properly account for horizontal advection by anomalous currents associated with thermocline variability. As expected, high r(z, SST) values are found in the seasonal upwelling zones off Somalia and Indonesia (Fig. 1b) . In addition, high correlation appears in the western SIO, collocated both with the shallow thermocline and the local SST variance maximum. We
conclude that this open-ocean upwelling allows thermocline variability to enhance SST variability where the thermocline is shallow.
We have made the same correlation analysis using satellite SSH and SST The good agreement of correlation patterns using SODA and XBT observations gives us confidence in the realism of SODA. This resemblance is not too surprising, but over-fitting the model to data can result in discontinuities across the XBT line. Such discontinuities are not observed in SODA as the next subsection will show.
c. Rossby wave
We turn our attention to the cause of thermocline variability in the western tropical SIO. 
Remote forcing
The strong seasonality in the SIO Rossby wave offers a valuable clue to its forcing mechanism. As SIO thermocline-depth variability appears to be governed by linear wave dynamics (Masumoto and Meyers 1998) , it is reasonable to assume that its forcing is also highly seasonally phase-locked. Here, we study two possible mechanisms for forcing the wave, namely Pacific ENSO and Sumatra SST variability.
a. Indices and correlations
We Figure 9a shows the lagged SST correlation with the Sumatra index along the equator. The decorrelation scale in the eastern Indian
Ocean is rather short at less than half a year, so a conservative sample-size estimate is 30, for which a correlation coefficient of 0.36 is the 95% significance level based on a student t-test. High correlations are found in the eastern Indian and Pacific Oceans during the second half of the year. The latter reaches a maximum in October-December. Figure 9b shows the correlations with the ENSO index, and both the SST and wind patterns are strikingly similar to those in Fig. 9a , albeit higher in the Pacific as expected. In the eastern Pacific, the correlation is rather symmetric before and after the October-December season on which this ENSO index is based. By contrast, the correlation in the Indian Ocean is highly asymmetric, significantly positive following the ENSO. This delay is consistent with the previous results that a basin-wide warming takes place in the tropical Indian Ocean following the ENSO (Nigam and Shen 1993; Klein et al. 1999) . Note that the positive correlation in the western equatorial Indian Ocean is significantly higher (by 0.2 or more) with the ENSO index than with the Sumatra index.
Only during the second half of the year does coastal upwelling contribute effectively to SST variability off Sumatra (Fig. 2) . For the rest of time, Sumatra SST variability is much weaker and caused by different mechanisms. This seasonal change in physical mechanism for Sumatra SST variability has led us to stratify data by calendar month. Without this stratification, the simultaneous correlation of Sumatra SST with other variables vanishes everywhere except in the eastern equatorial Indian Ocean (not shown), a result consistent with Saji et al. (1999) . Independent studies using observational data (Tokinaga and Tanimoto 2001) and model simulation (Huang and Kinter 2001) also find this correlation between ENSO and Sumatra SST variability.
Tokinaga and Tanimoto (2001) note a similar sensitivity of the correlation to seasonal stratification and suggest that during a Pacific warm event, anomalous easterlies in the equatorial Indian Ocean can help cool the eastern Indian Ocean.
b. ENSO forcing
East of 60E, zonal wind in the equatorial Indian Ocean is highly correlated with our ENSO index (Fig. 9b) . Anomalous southeasterlies first appear off Sumatra as early as
May and expand to the west progressively with the SST cooling in the eastern Indian
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Ocean. This close relationship between SST and wind anomalies supports the notion that the development results from a positive feedback (Saji et al. 1999; Webster et al. 1999 ).
The eastern Indian Ocean cooling dissipates by the following January, but the easterly anomalies persist on the equator until April, suggesting that ENSO forcing is at least a partial cause of these anomalous winds.
The anomalous equatorial easterlies are the major forcing for the SIO Rossby wave. Figure 10 shows the regression coefficients of SST, wind stress and Z20 with the ENSO index. The SST-wind pattern is very similar to that of Saji et al. (1999) based on an Indian-Ocean dipole index, and is indicative of a Bjerknes-type feedback along the equator. In particular, the narrow tongue of cold SST anomalies that penetrate westward along the equator is indicative of equatorial upwelling induced by the easterlies.
The curl associated with these easterlies induces anomalous Ekman downwelling on both sides of the equator, forcing a pair of downwelling equatorial-trapped Rossby waves that reach the western boundary in December-February (not shown). Webster et al. (1999) and Murtugudde et al. (2000) show that these equatorial Rossby waves cause the delayed warming in the western Indian Ocean after the strong 1997 event of Sumatra cooling. Here, we focus on the Rossby waves further to the south.
The easterly wind anomalies have a much broader meridional scale south than north of the equator. The associated downwelling forces an off-equatorial Rossby wave with a maximum amplitude at 80 o E, 10 o S in October-November (Fig. 10) . Figure 11c shows correlation coefficients of the Ekman pumping velocity and Z20, both averaged September-December, coinciding with the maximum equatorial easterlies (Fig. 9a) .
While dampening the negative Rossby waves resulting from the reflection of the upwelling equatorial Kelvin wave, the strong Ekman downwelling excites a downwelling Rossby wave that propagates slowly all the way to the west (Fig. 11a) . The Indonesian Throughflow enters the Indian Ocean in this latitude band and is an additional mechanism for interannual variability (Godfrey 1996; Birol and Morrow 2001) . This effect should be examined in the future with high-resolution datasets that resolve the Throughflow.
The SST correlation again shows a distinct westward co-propagation with Z20
( Fig. 11b) . The SST correlation with ENSO here is slightly higher (by 0.1) than that with the SIO Z20 in Fig 6b, find that vertical entrainment, along with meridional advection, is a major contributor to the warming in late 1997 and early 1998 in the western tropical SIO. Since anomalous zonal winds vary their direction over the westward-traveling positive SST anomaly ( Fig.   12b ), meridional Ekman advection is not a robust forcing for SST. Anomalous meridional winds are more robust and maintain a southward direction as noted by White (2000) , but the associated Ekman advection must be small given the weak zonal SST gradient.
While the near-equatorial Rossby waves are found on both sides of the equator, ENSO-forced off-equatorial Rossby waves are pronounced only in the SIO (Fig. 10) . The cause of this asymmetry is unclear at this time, but hemispheric asymmetry in atmospheric circulation may be responsible. In addition, Sri Lanka, with its south coast at 6 o N, is a barrier that blacks the westward propagation of off-equatorial Rossby waves in the North Indian Ocean.
c. Sumatra forcing
Given the possibility of Bjerknes feedback in the Indian Ocean, an alternative of the above ENSO-forced scenario is that Sumatra SST variability is the primary forcing for SIO variability, which was in fact our initial hypothesis. Such a Sumatra-centered scenario is possible at least in a coupled ocean-atmosphere general circulation model, in . Figure 13 shows the lagged correlation of Z20 and SST with the Sumatra index.
The overall structure is very similar to that based on the ENSO index, except the correlation coefficients are significantly smaller (by 0.2 for both Z20 and SST). The Sumatra effect is visible even in our ENSO index-based analysis; the westward expansion of the positive Ekman pumping during September-November (Fig. 11c ) is probably associated with the coupled westward development of the equatorial cold tongue and easterly winds (Fig. 9b) , all of which appear to be triggered by anomalous cooling off Sumatra. We therefore conclude that Pacific ENSO contributes the most to the SIO Rossby wave (up to 64% of the total variance) while the Sumatra contribution is also significant. This conclusion needs to be verified in models.
Local feedbacks a. Atmospheric co-variability
Given their well-organized space-time structure, do the aforementioned Rossby , at only 67% of the free Rossby wave speed Chelton et al. (1998) estimated based on the T/P satellite measurements. This slow phase propagation of these interannual Rossby waves may be the first sign for interaction with the atmosphere.
We look into the wind forcing for additional signs of coupling. While its intensification for October-December is probably related to the coupled development of the cold SST and easterly wind anomalies in the equatorial Indian Ocean, the Ekman pumping anomaly remains strong with a tendency to propagate westward with the Rossby wave for a few months (Fig. 11c) 14 correlation with the ENSO index for 1979-99 when the CMAP analysis is available..
During October-December, the precipitation anomalies show an east-west dipole structure as previously noted by Saji et al. (1999) and Webster et al. (1999) . The positive pole in the west extends into East Africa, causing floods (Latif et al. 1999; Reason 1999) .
During With ENSO dissipating in the Pacific by April-May (Fig. 9b) , the western SIO warming becomes the dominant feature of the Indian Ocean and anomalous winds appear to be the response to this warming (Fig. 14b) . Anomalous winds from the Northern
Hemisphere cross the equator to converge onto this southern warming 2 . A strong positive precipitation anomaly (r>0.6) develops over or slightly west of this positive SST anomaly, exciting a cyclonic circulation in the surface wind. The Ekman upwelling associated with this cyclonic circulation is a negative feedback and acts to dampen the downwelling Rossby wave underneath that causes the western SIO warming in the first place. Theoretical studies have predicted such a negative ocean-atmospheric feedback in an off-equatorial ocean where SST varies in phase with the thermocline depth (Philander et al. 1984; Hirst 1986 ). This negative feedback and the resultant Ekman upwelling appear responsible for the rapid decay of the Rossby wave after April (Fig. 11c) . useful skill. Our analysis shows that the subsurface Rossby wave is the major cause of this key SST variability. The slow phase propagation of this Rossby wave therefore provides useful predictability for SST and tropical cyclone forecasts.
Other regions
So far, we have focused on the SIO Rossby wave, its forcing and interaction with the atmosphere. Now, we turn our attention to other regional aspects of SIO climate variability, namely, the Indonesian coast and the southeastern subtropics.
a. Java upwelling
The anomalous easterlies in the equatorial Indian Ocean during a positive event of ENSO help raise the thermocline in the eastern ocean, thereby enhancing the thermocline feedback on SST. Significant ENSO-related equatorial easterlies, however, develop only during and after the Sumatra cooling event (Fig. 9b) . Since the eastern Indian Ocean cooling starts from the coast of Sumatra (Saji et al. 1999; Murtugudde et al. 2000) , here
we take a close look at the time evolution of SST anomalies along the Indonesian coast.
For this purpose, we use the satellite/in-situ blended SST measurements Java and Timor, then shifts northwestward along the coast, finally reaching Sumatra 2-3 months later in May-June (Fig. 16 ). There, it amplifies and spreads over a large area of the eastern equatorial Indian Ocean. As Webster et al. (1999) and Murtugudde et al. (2000) suggested, a negative thermocline depth anomaly appears to come from the west along the equator and reach Sumatra coast in April 1997. It is tempting to suggest that the former triggers the coastal cooling, but this hypothesis is inconsistent with our analysis in Fig. 16 . High SST correlation (>0.6) first appears on eastern Java in March, one month before the Z20 anomaly reaches Sumatra. The northwestward propagation and amplification of SST correlation along the coast (Fig. 16) is against the direction of a coastal Kelvin, but in the same direction as the seasonal onset of upwelling-favorable coastal winds (Fig. 2) . Consistent with this result, Murtugudde et al. (2000) concluded that the Sumatra cooling in their model solution was due equally to local and remote (equatorial) forcing.
b. Subtropical SIO warming
The eastern subtropical SIO is another region where SST shows significant correlation with both ENSO and Sumatra variability. and sensible heat release from the sea surface, leading to a strong warming that peaks in January and persists for another two or three months. Yu and Rienecker (1999) noted such a subtropical warming in the 1997-98 austral summer. An ocean-model simulation also indicates the important role played by local heat flux in forcing SST variability in this region (Behera et al. 2000) . Consistent with this view, the SST correlation is rather stationary, without any obvious zonal propagation (Fig. 17) . Furthermore, no significant co-variability is found in the thermocline depth (not shown), in contrast to the tropical 
Summary and discussion
We have studied the time-space structure and mechanisms of interannual variability in the SIO, using a variety of datasets that include in-situ and satellite measurements and model-based data assimilation products. Because SIO variability is strongly phase-locked to the seasonal cycle, all the statistics cited here are based on data stratified by calendar month. Consistent with previous studies (Nigam and Shen 1993; Klein et al. 1999; Lau and Nath 2000) , we find that SST variability over the Indian Ocean, including the region off Sumatra, correlates significantly with Pacific ENSO.
Moreover, the SST correlation is significantly higher with Pacific ENSO than with Sumatra variability except in the eastern subtropical SIO and (trivially) the eastern equatorial Indian Ocean.
Based on a high correlation between thermocline depth and SST, we identify the western tropical SIO centered at 10 o S as a region where subsurface ocean dynamics impacts SST variability and thereby the atmosphere. This ocean dynamic effect can explain the discrepancy Klein et al. (1999) SIO. This upwelling sets favorable conditions for the subsurface Rossby wave to interact with the atmosphere. Rossby waves are at the heart of all theories of ENSO and equatorial interannual variability, providing the crucial memory (Neelin et al. 1998 ). In the Pacific and Atlantic, tropical Rossby waves hide in the deep thermocline on their way to the west with little signature in SST, and hence they are undetected by the atmosphere 5 (Neelin et al. 1998 ). In the western SIO, by contrast, the thermocline is shallow and Rossby waves cause significant SST anomalies that can interact with the atmosphere. It is thus conceivable that the coupled nature of the SIO Rossby waves may play an important role in shaping tropical Indian Ocean climate and its variability. Indeed, coupled oceanatmosphere models where oceanic Rossby waves propagate freely (Xie et al. 1989) behave very differently from those where these waves are strongly damped by air-sea interaction (Anderson and McCreary 1985) . Together with several recent studies (Murtugudde et al. 2000; Saji et al. 1999; Webster et al. 1999; Behera et al. 2000) , our analysis paints an Indian Ocean where ocean dynamics, namely Sumatra upwelling and the SIO Rossby wave, play a more important role than previously thought. This more dynamic view of the Indian Ocean implies potentially useful predictability for western SIO climate variability. Figure 11a shows that with the input of the eastern equatorial Pacific SST by December, 64% of the total thermocline depth variance in the western SIO ( 
